Abstract-Single sideband optical modulation can be used in multiple RF photonic link applications. However, single sideband optical modulation is often thought to provide lower RF output power than traditional dual sideband modulation techniques. While true in one specific case, it is not true in all cases. We theoretically and experimentally analyze the RF performance of a photonic link utilizing a Z-cut dual-electrode Mach-Zehnder intensity modulator with a 90°RF hybrid that produces optical single sideband modulation. The single sideband performance is compared to double sideband modulation using the same Mach-Zehnder modulator in either a push-pull configuration using a 180°RF hybrid or a single-arm drive configuration. The optical sideband powers, RF output power and the output intercept power and spur-free dynamic range of the third-order intermodulation nonlinearity are compared both theoretically and experimentally for each of the three cases. The performance of a double sideband modulated link using an X-cut inherently push-pull Mach-Zehnder modulator is also compared theoretically, assuming the same V π and insertion loss as the dual-electrode Mach-Zehnder modulator.
I. INTRODUCTION
T HE use of RF photonic links has grown significantly, especially in microwave frequency applications such as antenna remoting [1] , delay lines [2] , clock recovery [3] , [4] , RF generation with low phase noise [5] , [6] , and frequency discrimination of low power RF signals [7] , [8] . The use of photonic techniques provides multiple benefits, including low loss, immunity to electromagnetic interference, and broad instantaneous bandwidths. The most commonly used links incorporate a Mach-Zehnder intensity modulator (MZM) to impose the RF signal onto the optical carrier. One of the advantages of using the MZM is being able to operate at the quadrature bias point, which adds no even-order distortion to the signal upon detection at the photodiode (PD) at the output of the link [9] . However, the MZM output results in dual sideband (DSB) optical modulation, which can be adversely affected by chromatic dispersion, resulting in RF fading [10] and added distortion [11] . Single sideband (SSB) optical modulation has been shown to overcome the penalties due to chromatic dispersion effects [12] . SSB optical signals have been produced by multiple methods, including optical filtering of DSB modulation [13] , using a 90°R F hybrid with a single push-pull MZM [14] and using a single electrode MZM with bi-directional optical inputs [15] . The use of SSB modulation in RF applications has grown, seeing use in optoelectronic oscillators [16] and to improve the linearity of both second [17] and third [18] order nonlinearities in PDs.
Despite the benefits of using SSB modulation, the use of SSB modulated RF photonic links continues to lag the traditional DSB modulation links. A previous study on RF photonic links has compared external modulation versus directly modulated links and encouraged the use of MZMs for these applications [19] . Along similar lines, this paper seeks to compare the use of different modulation formats and encourage the use of SSB modulated links. For example, one common misconception held by those who design RF photonic links is the RF output power of a SSB modulated photonic link is less than the DSB link, as there is only one sideband to beat with the optical carrier. While true for one specific case, it is not true for all DSB optical modulation links. It is also believed that since the RF output power is lower, the SFDR will be lower as well. Again this is not the case. This result may be obvious to those who design MZM components, but it is not obvious to the RF photonic link developers. Thus a comprehensive study that includes both theory and experimental validation is required.
In this paper we present a theoretical and experimental comparison of a SSB modulated link to a few different DSB modulated links. This paper addresses a gap in RF photonic link design that has limited the use of SSB modulated links to niche applications. Currently there are no detailed comparative studies of the optical sideband power, RF output power and third order nonlinear performance of an SSB modulated link and three other DSB modulated links. We start from the first principles of the MZM transfer function and derive analytic expressions for the different SSB and DSB cases. We then use the same dual electrode MZM to experimentally validate our theory. By using a dual electrode MZM that can be configured for different modulation formats we eliminate discrepancies that arise from having a different V π and insertion loss that occur when using different MZMs. In our theoretical comparison to a DSB X-cut MZM, we assume that the X-cut MZM has the same V π and insertion loss as the dual electrode MZM we are using. By using a high resolution OSA, we directly measure the optical sidebands of the different modulations and show the optical power changes between the different modulation formats, as well as the extinction of the SSB case. This measurement is done at an RF frequency that would not be observable on most OSAs. Our results will demonstrate that the RF output power for one of the DSB links is indeed 3 dB higher than the SSB link. However for the other two DSB links, the SSB link has the same RF output power. In addition, the output intercept power of the third order intermodulation nonlinearity is the same for a SSB modulated link when compared to three different DSB links, while still maintaining the quadrature bias condition of no-added even order nonlinearity. The results show the use of SSB modulated links provide no loss of RF performance when compared to most other DSB modulated links.
II. THEORY AND EXPERIMENT FOR OPTICAL POWER OF SSB AND DSB MODULATION
In order to compare the SSB link with the DSB link, we will use the same Z-cut LiNbO 3 MZM that can be operated in both a push-pull and single arm RF drive configuration. As seen in Fig. 1 , the MZM link consists of a CW laser source, whose output is connected to the MZM. The RF inputs of the MZM are connected to the RF signal source. In order to compare SSB to DSB modulation, the RF signal is either connected to a 90°hybrid (SSB), 180°hybrid (DSB) or just one of the RF inputs (DSB), with the other input connected to a 50 Ω load. The optical output of the MZM is then split, with a part of the modulated light sent to a high resolution optical spectrum analyzer (HR-OSA). The HR-OSA is used to record both the power levels of the sidebands as well as the carrier. The other part of the output is sent to a photodetector to recover the RF signal. The signal is then captured on an electrical spectrum analyzer in order to measure both the gain and the third order intermodulation product.
Starting from a previous analysis using a single MZM [9] , the field amplitude at the input of the MZM can be related to the average optical power from the laser by E * in E in = 2κ 2 laser P laser , with κ 2 laser = Z o /nA eff , Z o is the free space impedance of 377 Ω, n is the refractive index of the fiber, and A eff is the effective optical mode cross sectional area. The MZM transfer function can be written as
where 
depending on what configuration is chosen in Fig. 1 .
, where V π ,dc is the externally applied dc voltage required to move the optical output of the MZM from a minimum to a maximum and V π ,rf (Ω rf ) is the externally applied RF voltage required to move the optical output of the MZM from a minimum to a maximum at an RF angular frequency Ω rf . The modulation index of the MZM, commonly denoted as m [12] , can be derived in our notation by the relation m 1,2 = φ rf 1,2 /π. In order to generate SSB modulation, the 90°hybrid is used and we will follow this math to determine the RF gain and the twotone output intercept point. The math for the other two cases requires replacing φ 2 (t) with the proper definition. We will provide the results of this analysis when we compare the SSB case with the two other DSB cases.
Choosing one of the outputs of the MZM transfer function, the total output field of the MZM is given by
For this treatment, we are going to focus on the carrier and the first upper and lower side bands. We also assume the same RF signal onto both arms of the MZM so φ rf 1 = φ rf 2 . Rewriting (4) with the definitions of φ 1 (t) and φ 2 (t) as given above and making use of the Jacobi Anger expansions, the field for the carrier and fundamental RF sidebands can be written as
where J n is the nth-order Bessel function and E in (t) = E in e iω o t . By inspection of (see 5b), the upper fundamental optical sideband is nulled when φ dc1 = −π/2 + φ dc2 , and the lower fundamental sideband is nulled when φ dc1 = π/2 + φ dc2 . The fields for the 180°hybrid and the single arm case can also be derived using the methods above and will yield the following for the 180°hybrid
and the following for the single arm case
With the carrier and fundamental fields now derived, the optical power can be calculated in order to compare the power of the SSB carrier and sidebands with those of the DSB cases. The average optical powers of the carrier, upper and lower sidebands are related to the field amplitudes by E * carrier,usb,lsb E carrier,usb,lsb = 2κ 2 carrier,usb,lsb P o,carrier,usb,lsb , respectively, with κ 2 defined the same as above. The HR-OSA will then be used to validate the theoretical predictions. Starting with the SSB case (see 5a) and (see 5b) and using the small signal approximation of J n (φ rf ) ≈ φ n rf /(2 n n!), the optical power of the carrier and each of the sidebands is given by
where γ carrier,usb,lsb = κ 2 laser /κ 2 carrier,usb,lsb . Similarly the optical power can be derived for the 180°hybrid
and the single arm drive
From (8)- (10), the optical power at the carrier is the same in all three cases if the quadrature bias condition (φ dc1 = −π/2 + φ dc2 or φ dc1 = π/2 + φ dc2 , with φ dc2 = 0 for the single arm) is chosen. The optical sidebands of the single arm and 180°hybrid are the same. For the 90°hybrid case, the SSB of the 90°hybrid is 3 dB higher than both of the DSB cases. We experimentally confirm these results for the three cases by measuring the optical spectrum on the HR-OSA. The HR-OSA has sufficient resolution to clearly show the 5 GHz sidebands, which is not observable with a typical OSA. The results are shown in Fig. 2 for a 5 GHz RF input tone. The modulation index, m, is 7.5% for all three cases. We used the same input RF power and the RF V π (2.1 V at 5 GHz) is the same in all three cases since it is the same MZM. We chose this modulation index for two reasons. First, analog photonic links mostly use small signal modulation to avoid unwanted nonlinear effects due to the sinusoidal transfer function of the MZM [20] . Second, the theoretical analysis uses the small signal approximation for the Bessel functions to write the analytic equations. So we hold the RF input power much less than the RF V π to keep our assumptions true. When the MZM is set to SSB modulation with the 90°hybrid, the sideband (−21.3 dBm) is approximately 3 dB higher than either the DSB from the 180°hybrid (−24.1 dBm) or the single arm case (−24.4 dBm). The suppressed sideband of the 90°hybrid case is extinguished by over 40 dB when compared to the DSB cases. The extinction ratio is limited to this range by the non-ideal phase performance of the 90°hybrid, as well as the slight mismatch in the physical length of RF cables that connect the 90°hybrid to the RF ports of the MZM. In this case we expect the RF output power from the 180°hybrid and the single arm case to be 3 dB higher than the SSB case of the 90°hybrid. However this is not the case for the single arm and will be shown in the following section. Note the smaller sidebands are inherent to the HR-OSA (APEX AP2040 series) measurement system and are from neither the RF signal nor the MZM link and the upper sidebands are shifted slightly in order to see the difference between the three cases.
As an additional comparison, we can write the optical power of the carrier and DSBs from an X-cut LiNbO 3 MZM that provides an internal push-pull configuration with a single RF input. Fig. 3 . Simulated optical sidebands of the 90°hybrid, 180°hybrid, push-pull and single arm configurations. The 90°hybrid provides 3 dB higher optical power than either the 180°hybrid or the single arm case. It is 6 dB higher than the push-pull configuration.
By the placement of the electrodes in an X-cut MZM, the RF drive voltage is split evenly across the two optical waveguides, creating an inherent push-pull modulation [21] . This inherent push-pull requires no external hybrid, making the devices easier to work with at a system level. However the trade-off with working with X-cut MZMs is they often have higher RF V π due to the lower overlap of the electric fields in the optical waveguide [20] , [21] . For this analysis, we will assume an X-cut MZM which has the same RF V π , DC V π , and insertion loss as the Z-cut MZM that we are using. We will also assume the same optical power from the laser. Under these conditions, the push-pull MZM will have the same φ rf , φ dc , P laser and γ as we use in our analysis. Given this assumption, the transfer function of the push-pull MZMs have been well studied in the literature [9] and we will compare the powers predicted theoretically. We will not compare the push-pull MZM experimentally since we have no modulators with exactly the same V π ,dc or V π ,rf as the Z-cut MZM we are using. Nevertheless the theory is enough to compare. The push-pull MZM optical carrier and sideband powers are given by [9] 
From these results, the optical carrier is the same as all the other cases when the quadrature bias condition is chosen (φ dc1 = ±π/2). However the optical DSBs of the push-pull MZM are 3 dB less than the 180°hybrid and single arm DSBs and 6 dB less than the 90°hybrid SSB. These results are shown in Fig. 3 . The sidebands are simulated for the four different modulation types with all the same parameters as in the experimentally measured case in Fig. 2 . Another way that the X-cut MZM and the Z-cut single arm MZM are different is shown in Eqns. (10b) and (11b). The optical sideband powers for a Zcut MZM have no dependence on φ dc1 , while the X-cut MZM optical sidebands do. If one observes the sidebands on an OSA and then changes the dc bias applied to the MZM, the optical sidebands will change power if the MZM is an X-cut but they will remain unchanged if it is a Z-cut. This is a relatively simple method to differentiate between the two MZMs. The RF output power for all of these cases will now be described and measured in the next section.
III. THEORY AND EXPERIMENT OF RF OUTPUT POWER OF THE SSB AND DSB LINK
In order to calculate the RF output power of the SSB and DSB link, the total optical power from the MZM must be derived. Taking the field in Eqn. (4) and multiplying by its complex conjugate to get the optical power from the MZM yields
where α MZM is the optical insertion loss for the MZM. Expanding φ 1,2 (t) in (12) for the SSB case yields
with Δφ dc = φ dc1 − φ dc2 . Replacing the RF terms with their equivalent infinite sums of Bessel functions and regrouping for dc, fundamental (odd) and second (even) harmonic power, the following can be written
Equation (14) shows that when the SSB condition is met (either φ dc1 = π/2 + φ dc2 or φ dc1 = −π/2 + φ dc2 ), the even order harmonics are nulled, thus preserving the quadrature operation of DSB modulation. The fundamental RF power can now be derived. The generated photocurrent due to the optical power can be written as
where R is the PD responsivity. Finally, applying the small signal approximation of J n (φ rf ) ≈ φ n rf /(2 n n!), the RF output power can be written as where Z out is the output impedance. Note the output power is maximized when the DC bias is set to the SSB condition. In order to compare SSB with DSB, we look at the RF power for both the 180°hybrid and the single arm case. Repeating the math shown above for those conditions yields the RF output power for the 180°hybrid as (17) and for the single arm case
Note the RF power is 3 dB higher than the SSB case for the 180°hybrid case and the same for the single arm case. In order to validate this result, the RF output power from the link in Fig. 1 is measured with the same input RF power for all three configurations. The measured power is shown in Fig. 4 at the same photocurrent from the photodetector. Again in this case, the modulation index is 7.5% for all three cases. The modulation index was chosen for the same reasons as given in the previous section. The results show that the RF output power is indeed the same for both the SSB (−18.3 dBm) and the single arm DSB (−18.2 dBm) case. In addition, the 180°hybrid DSB is 2.6 dB higher (−15.6 dBm), which is within the measurement error for the system. From the optical spectrum results in the previous section, the prediction would have been that the single arm case would also have been 3 dB higher. However this points out that the optical spectrum does not always accurately predict the RF response. Due to the asymmetry in the RF drive of the single arm MZM, the unmodulated optical carrier does not contribute to the RF output power at the photodetector. This explains how the SSB and the single arm DSB have the same output power.
Again the RF output power of a push-pull MZM DSB link can be compared theoretically. Making the same assumptions about the push-pull MZM as in the previous section (same φ rf , φ dc , P laser and α MZM ), the output RF power is [9] 
As predicted by the optical DSBs and carrier power in the previous section, the RF output power is the same as the SSB case and also for the single arm DSB case. These results show that the SSB link will provide the same RF output power as the DSB link using either a single arm MZM or push-pull MZM.
IV. THEORY AND EXPERIMENT OF THIRD ORDER INTERMODULATION DISTORTION WITH SSB AND DSB MODULATION
Beyond the output RF power, the third order nonlinear response is also important in RF links using MZMs. We have already shown that the SSB MZM will not add any even order distortions, just as the push-pull MZM does not. The derivation of the output intercept point for the third order distortions is shown and verified with experiment.
In order to look at the intermodulation distortion of SSB modulation, two RF signals are input to the MZM. The signals are represented by φ 1 
cos Ω rf 2 t. Following the optical power function give in (12) and rearranging terms, the following can be written
Replacing the RF terms with their equivalent infinite sums of Bessel functions and regrouping for odd frequency components of the optical power, as shwon at the bottom of the page.
From the equations (20) and (21), one can find the output intercept points for the third order intermodulation distortion. For the third order, setting φ rf 1 = φ rf 2 and using the small signal approximation for the Bessel function the RF power for the 2Ω rf 2 − Ω rf 1 term can be written as
and the RF power of the signal at Ω rf2 is
(23) Setting (22) and (23) equal to each other, solving for φ rf , and then plugging the result back into (23) yields
Using the same derivation, the 180°hybrid has an RF power for the 2Ω rf 2 − Ω rf 1 third order intermodulation power of
and an RF output power at Ω rf 2 of
For the single arm MZM, the RF power for the 2Ω rf 2 − Ω rf 1 third order intermodulation power and RF power for the Ω rf 2 are the same as the SSB case and thus the OIP3 imd is also the same.
This was experimentally measured and the results appear in Fig. 5(a)-(c) . In this instance, the single arm (1.32 dBm), 180°( 1.85 dBm) and 90°hybrid (1.12 dBm) case have the same OIP3 value within the error of measurement. Note that the measurement was made at a photocurrent of 5.3 mA which predicts an OIP3 imd of 1.48 dBm, accounting for the 50 Ω termination at the RF output of the photodetector [9] . The simulated results of the push-pull MZM are also presented in Fig. 5(d) Fig. 12(b) ]. This is consistent with the measurement that was made. This demonstrates that the 90°h ybrid for SSB operation has the same RF output power and third order intermodulation performance as the single arm DSB modulation.
As with the RF output power, the push-pull MZM will also have the same OIP3 imd performance as the single arm driven MZM [9] . The simulated results are shown in Fig 5(d) . Thus SSB modulation can provide the same RF performance in both power and intermodulation distortion as the DSB modulation from a push-pull MZM.
V. CONCLUSION SSB optical modulation offers advantages in RF fading and compensating nonlinear performance of photodetectors over DSB optical techniques in photonic links. However the SSB RF link is still limited to niche applications and has not been widely adopted. One of the reasons comes from a lack of a detailed analysis of the SSB link's RF output power and nonlinear performance as compared to DSB links. Starting with the first principles of the MZM transfer function, analytic expressions are derived for the optical sideband power, RF output power and the third order intermodulation nonlinearity for the SSB case as well as three other DSB cases. The predicted performance from the analytic expressions is then measured experimentally to validate the theory. We have demonstrated that SSB optical modu- lation can be used in these photonic links without any sacrifice to the RF performance when compared to either a single arm MZM providing DSB modulation or a push-pull X-cut MZM that has the same operating parameters (insertion loss and V π ) as the Z-cut MZM. As seen in Table I , the SSB modulation from a 90°hybrid MZM has the same OIP3 performance as the three other cases. While the SSB link does provide 3 dB less RF output power when compared to a DSB link using a 180 hybrid, the SSB link has the same RF output power as the push-pull X-cut MZM and the single arm MZM links. The SSB modulation increases the optical power in the sideband that is not nulled, thus making up for the loss of the other sideband, which is a non-intuitive result and has to be mathematically derived and experimentally demonstrated. We have made both theoretical and experimental measurements in order to verify the performance of the SSB modulation when compared to the DSB modulation of the single arm driven MZM and the 180°h ybrid. While the OSA measurement of the DSB with a single arm driven MZM is only 3 dB lower, the RF output power is the same. The OSA does not measure phase between the two sidebands and the unmodulated optical carrier in the single arm case is enough to cause the RF power after photodetection to be equal to the SSB case. Again this is a non-intuitive result given how the other modulation formats RF output power relates to the relative optical power of the sidebands. The push-pull MZM has been modeled extensively [9] and those results are used to show a push-pull MZM has 6 dB lower sidebands mathematically and has the same output RF power and OIP3 imd as the SSB case, assuming the same V π and insertion loss. This paper provides a complete analysis of the optical sideband performance as well as the RF performance of not only a SSB modulated link but three other DSB modulated links, allowing an RF photonic link designer the tools needed to decide which type of link to use.
